Through incessant inspiration, respiratory organs of animals including human inhale foreign substances. Inhaled foreign substances larger than 3 *µ*m in diameter are deposited mainly in the cranial airway, with the rest being deposited in the caudal airway in human \[[@r12], [@r16], [@r23]\], mouse, hamster, rabbit \[[@r29]\], guinea pig and rat \[[@r29], [@r31]\]. Minute foreign substances 0.3--2 *µ*m in diameter are deposited throughout the respiratory tract in human \[[@r12], [@r16], [@r23]\], mouse, hamster, rat, guinea pig and rabbit \[[@r29]\]. Moreover, inhaled fibrous substances 0.2--1.5 *µ*m in diameter and 2--60 *µ*m in length are also deposited throughout the respiratory tract of rat \[[@r9], [@r25]\]. The bacterial diameters are generally in 0.2--2 *µ*m; the minimal diameter is 0.1 *µ*m in *Treponema*, *Mycoplasma* and *Haemobartonella*, and a maximal diameter is 10 *µ*m in *Achromatium* and *Macromonas*. Some bacteria, such as *Lactobacillus*, have a long rod shape 0.5--1.2 *µ*m in diameter and 10 *µ*m in length \[[@r17]\]. Inhaled bacteria of these dimensions can be reached and be deposited throughout the respiratory tract.

Mucosal epithelium from the nose to the bronchus is covered by two liquid layers: an outer "mucus layer" and an inner "periciliary layer" \[[@r24]\]. When inhaled particles are deposited on the mucus layer on the epithelium from the nose to the bronchus, they are accumulated by transportation of the mucus layer toward the pharynx. The transportation of the mucus is generated by the beating of cilia of epithelial cells \[[@r15]\]. The accumulated mucus layer is finally swallowed or eliminated by coughing or sneeze reflex \[[@r15]\]. In contrast to the airway from the nose to the bronchus, the most caudal portion of the airway possesses a periciliary layer but not a mucus layer. Therefore, inhaled particles adhering to the periciliary layer are engulfed by alveolar macrophages. The elimination process, except for that in the most caudal portion, is assumed to take a long time until complete expulsion from the respiratory tract is achieved. The duration of the elimination process might lead to the proliferation of, or the infection with inhaled bacteria. In fact, bacteria usually settle on the cranial portion of the airway under healthy conditions in human \[[@r14], [@r22]\], dog \[[@r7]\], rat \[[@r27]\], pig, bovine and chicken \[[@r26]\]. However, the caudal respiratory tracts of human and rat are maintained mostly sterile \[[@r21], [@r27]\]. Therefore, it is assumed that the respiratory tract contains an additional host defense system which actually prevents proliferation of bacteria.

Immunoglobulins, complements and bactericidal substances are contained in nasal \[[@r5], [@r8]\] and broncho-alveolar lavage fluids \[[@r1], [@r6]\] from healthy human. Nasal lavage fluids from healthy human and rat contain lysozyme \[[@r8], [@r30]\] and secretory phospholipase A2 (sPLA2) \[[@r2]\]. Broncho-alveolar lavage fluid also contains lysozyme \[[@r1]\]. The secretory sources of lysozyme or sPLA2 have been immunohistochemically observed in nasal glands of human \[[@r11], [@r34]\] and guinea pig \[[@r19]\], as well as in human trachea or bronchus \[[@r13]\] and rat lung \[[@r30]\]. However, the total secretory system of lysozyme and sPLA2 in the respiratory tract has never been clarified. In addition, the localization of lysozyme and sPLA2 has never been clarified in the mucus layer and in the periciliary layer, because the preservation of the mucus layer as a first line of defense is very difficult in the chemically fixed specimens under light microscopic observation. In this study, the secretory sources and the distribution of secreted lysozyme and sPLA2 are investigated throughout rat respiratory tract under healthy conditions.

MATERIALS AND METHODS {#s1}
=====================

Animals
-------

Eight male specific-pathogen-free Wistar rats aged 7 weeks and derived from different mothers (Japan SLC Inc., Hamamatsu, Japan) were maintained under specific-pathogen-free conditions in individual ventilated cages (Sealsafe plus; Tecniplast Japan, Tokyo, Japan) with controlled temperature (23 ± 1°C) and humidity (50%) on a 12-hr light/dark cycle at the Life-Science Laboratory of Kobe University. All animals were permitted free access to water and food (Lab R-A2; Japan SLC Inc.). Clinical and pathological examinations in all animals confirmed no sign of disorder. The experiments were approved by the Institutional Animal Care and Use Committee (Permission number: 25-06-01) and were carried out according to the Kobe University Animal Experimentation Regulations.

Tissue preparation
------------------

All rats were euthanized with an intraperitoneally injected overdose of pentobarbital sodium (Kyoritsu Seiyaku Corp., Tokyo, Japan).

To identify secretory sources of lysozyme and sPLA2, five rats were transcardially perfused with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer at 38°C. Immediately after perfusion, the respiratory region of the nasal mucosa and larynx, trachea, extra-pulmonary bronchus and lung with intra-pulmonary bronchus were removed and cut into small blocks. All tissue blocks were immersion-fixed in 4% PFA for 6 hr at 4°C. The blocks were dehydrated and embedded in paraffin by routine methods.

To determine the localization of lysozyme and sPLA2 in both the mucus layer and the periciliary layer, nasal mucosa, larynx, trachea and extra-pulmonary bronchus were removed from 3 rats after euthanasia. The tissues were cut into small blocks and immediately and softly immersed in Carnoy's fluid with minimal movement of the liquid for 1 hr at −30°C. After fixation, the tissue blocks were dehydrated and embedded in paraffin.

Sections 4 *µ*m thick were cut and mounted on slide glasses precoated with 0.2% 3-aminopropyltriethoxysilane (Shin-Etsu Chemical Co., Tokyo, Japan) and stored at 4°C until use.

Immunohistochemistry
--------------------

Antigens were detected using the indirect method of enzyme immunohistochemistry. Briefly, deparaffinized sections were immersed in absolute methanol and 0.5% H~2~O~2~ each for 30 min to remove endogenous peroxidase activity. The sections were then rinsed three times with 0.05% Tween-added 0.01 M phosphate buffered saline (TPBS pH 7.4) after all preparation steps in order to remove any reagent residues. Following blocking with Blocking One Histo (Nacalai Tesque Inc., Kyoto, Japan) for 1 hr at room temperature (r.t.), the sections were reacted with anti lysozyme goat IgG (C-19, diluted at 1:400 for PFA-fixed tissue, 1:100 for Carnoy's fluid-fixed tissue) or anti sPLA2 (M-18, diluted at 1:400 for PFA-fixed tissue, 1:200 for Carnoy's fluid-fixed tissue) goat IgG (Santa Cruz Biotechnology Inc., Santa Cruz, CA, U.S.A.) for 18 hr at 6°C. The antibody specificity for rat lysozyme or sPLA2 is described in the manufacturer's respective specification forms (lysozyme, sc-27958; sPLA2, sc-14472). Then, the sections were incubated with horseradish peroxidase-conjugated anti goat IgG mouse IgG (AP186P) (diluted at 1:200; Chemicon International Inc., Billerica, MA, U.S.A.) for 1 hr at r.t. After rinsing with TPBS, the sections were incubated with 3,3′-diaminobenzidine (Dojindo Laboratories, Mashiki, Japan) containing 0.03% H~2~O~2~ and were counterstained with hematoxylin. Control sections were incubated with TPBS or non-immunized goat IgG instead of primary antibodies.

Polysaccharide staining
-----------------------

Periodic acid Schiff (PAS) reaction was conducted using Carnoy's fluid-fixed tissues to detect the mucus layer.

RESULTS {#s2}
=======

Nasal mucosa
------------

Ciliated epithelial cells were the largest cell population and goblet cells (GC), non-ciliated and non-microvillous epithelial cells (NC) and basal epithelial cells were found in small populations in the respiratory region of the nasal epithelium. GC occasionally formed clusters in the epithelium. In a large number of NC, the cytoplasm were immunopositive for both lysozyme and sPLA2, and the immunopositive intensities increased toward the apical membranes. In a small number of GC, secretory granules were immunopositive for both lysozyme and sPLA2. No immunopositivities for lysozyme and sPLA2 were detected in the cytoplasm of ciliated epithelial cells and basal epithelial cells. Both bactericidal substances were frequently detected on the tips or the entire length of cilia of ciliated epithelial cells ([Fig. 1a and 1b](#fig_001){ref-type="fig"}Fig. 1.The localization of lysozyme and sPLA2 in the nasal mucosa. In nasal epithelium, lysozyme and sPLA2 are immunopositive in the cytoplasm of NC (arrows in a and b), secretory granules of GC (large arrowheads in a and b) and cilia of ciliated epithelial cells (small arrowheads in a and b), but negative in cytoplasm of ciliated epithelial cells and basal epithelial cells (asterisks in a and b). In the nasal gland, lysozyme and sPLA2 are immunopositive in secretory granules of serous acinar cells (arrows in c and d) and intercalated ducts (arrows in e and f). Immunopositivities of lysozyme and sPLA2 are also visible on the luminal surface of cells of exocrine ducts (arrows in g and h) and luminal contents (large arrowheads in g and h). Bar=10 *µ*m.).

In nasal glands, lysozyme- and sPLA2-immunopositivities were detected in secretory granules in a few acinar cells and in almost all epithelial cells of intercalated ducts ([Fig. 1c--f](#fig_001){ref-type="fig"}). Both immunopositivities were occasionally found on the apical surfaces of epithelial cells and in the luminal secretory products of the excretory ducts ([Fig. 1g and 1h](#fig_001){ref-type="fig"}).

Laryngeal mucosa
----------------

Among NC which were the predominant cell population in the laryngeal epithelium, few were immunopositive for lysozyme and sPLA2. Most GC, which were rarely present, were immunonegative for lysozyme and sPLA2 ([Fig. 2a--d](#fig_002){ref-type="fig"}Fig. 2.The localization of lysozyme and sPLA2 in the laryngeal mucosa. In epithelium, lysozyme and sPLA2 are negative in cytoplasm of NC (arrows in a and b), GC (arrowheads in a and b), but a solitary NC immunopositive for lysozyme and sPLA2 is visible (arrows in c and d). Lysozyme and sPLA2 are immunonegative in cytoplasm of ciliated epithelial cells (arrows in e and f), microvillous cells (arrowheads in e and f) and basal epithelial cells (asterisks in e and f), but immunopositive in cilia of ciliated epithelial cells and microvilli of microvillous cells. In laryngeal glands, lysozyme and sPLA2 are immunopositive in mucous acinar cells (arrows in g and h), serous acinar cells (arrows in i and j) and epithelial cells (arrows in k and l) of glandular ducts and in luminal contents in glandular ducts (arrowheads in k and l). Bar=10 *µ*m.). No immunopositivities for lysozyme and sPLA2 were detected in the cytoplasm of any ciliated epithelial cells, microvillous epithelial cells and basal epithelial cells. Both bactericidal substances were occasionally detected on the tips or the entire length of both cilia of ciliated epithelial cells and microvilli of microvillous cells ([Fig. 2e and 2f](#fig_002){ref-type="fig"}).

In laryngeal glands, immunopositivities for both bactericidal substances were detected in a few mucus acinar cells and serous acinar cells ([Fig. 2g--j](#fig_002){ref-type="fig"}). Moreover, both bactericidal substances were detected in the cytoplasm of most glandular ducts and in the luminal contents ([Fig. 2k and 2l](#fig_002){ref-type="fig"}).

Tracheal mucosa
---------------

In the tracheal epithelium, immunopositivities for lysozyme and sPLA2 were detected in few NC which were the predominant cell population and GC which were rare ([Fig. 3a--d](#fig_003){ref-type="fig"}Fig. 3.The localization of lysozyme and sPLA2 in the tracheal mucosa. In epithelium, lysozyme and sPLA2 are immunonegative in cytoplasm of NC (arrows in a and b), GC (large arrowheads in a and b), but a solitary NC immunopositive for lysozyme and sPLA2 is visible (arrows in c and d). Lysozyme and sPLA2 are immunopositive in cilia or microvilli, but are negative in cytoplasm of ciliated epithelial cells (small arrowhead in b and arrow in e) and microvillous cells (large arrowheads in e and f) and basal epithelial cells (asterisks in e and f). In tracheal glands, lysozyme and sPLA2 are immunopositive in serous acinar cells (arrows in g and h), epithelial cells of glandular ducts (arrows in i and j) and luminal contents in glandular ducts (arrowheads in i and j). Bar=10 *µ*m.). No immunoreactivity for either bactericidal substance was detected in the cytoplasm of ciliated epithelial cells, microvillous epithelial cells and basal epithelial cells. The tips or the entire length of both cilia of many ciliated epithelial cells and microvilli of microvillous cells were immunopositive for lysozyme and sPLA2 ([Fig. 3b, 3e and 3f](#fig_003){ref-type="fig"}).

In the tracheal glands, immunoreactivities for both lysozyme and sPLA2 were detected in the cytoplasm of a few serous acinar cells ([Fig. 3g and 3h](#fig_003){ref-type="fig"}) and detected in the cytoplasm of most epithelial cells of glandular ducts ([Fig. 3i and 3j](#fig_003){ref-type="fig"}). The luminal contents were immunopositive for both bactericidal substances ([Fig. 3i and 3j](#fig_003){ref-type="fig"}).

Extra- and intra-pulmonary bronchial mucosae
--------------------------------------------

A small number of NC, which were the predominant cell population, were immunopositive for both bactericidal substances in the extra-pulmonary bronchial epithelium ([Fig. 4a and 4b](#fig_004){ref-type="fig"}Fig. 4.The localization of lysozyme and sPLA2 in extra- and intra- pulmonary mucosa. Lysozyme and sPLA2 are immunopositive in cytoplasm of NC (arrows in a and b) in extra-pulmonary bronchus. In intra-pulmonary bronchus, NC are immunonegative for lysozyme and sPLA2 (arrows in c and d), but a solitary NC immunopositive for both bactericidal substances is visible (arrows in e and f). Lysozyme and sPLA2 are immunopositive in secretory granules of GC (arrows in g and h) in extra-pulmonary bronchus, but immunonegative in intra-pulmonary bronchus (arrows in i and j). In extra-pulmonary bronchus, lysozyme and sPLA2 are detected in cilia of ciliated epithelial cells (arrows in k and l) and microvilli of microvillous cells (arrowheads in k and l), but not in cytoplasm of ciliated epithelial cells, microvillous cells and basal epithelial cells (asterisks in k and l). In intra-pulmonary bronchus, lysozyme and sPLA2 are immunonegative in cytoplasm of ciliated epithelial cells (arrows in m and n) and basal epithelial cells (asterisks in m and n). Bar=10 *µ*m.), whereas in the intra-pulmonary bronchial epithelium, extremely few NC, which were also the predominant cell population, were immunopositive ([Fig. 4c--f](#fig_004){ref-type="fig"}). Both immunopositivities were occasionally detected in GC of the extra-pulmonary bronchial epithelium ([Fig. 4g and 4h](#fig_004){ref-type="fig"}), but neither was detected in GC of the intra-pulmonary bronchial epithelium ([Fig. 4i and 4j](#fig_004){ref-type="fig"}). Both bactericidal substances were immunonegative in cytoplasm of ciliated epithelial cells and basal epithelial cells in both bronchi ([Fig. 4k--n](#fig_004){ref-type="fig"}) and in cytoplasm of microvillous epithelial cells in the extra-pulmonary bronchus ([Fig. 4k and 4l](#fig_004){ref-type="fig"}). Both bactericidal substances were occasionally detected on the tips or the entire length of both cilia of ciliated epithelial cells and microvilli of microvillous cells in extra-pulmonary bronchus ([Fig. 4k and 4l](#fig_004){ref-type="fig"}), whereas not detected in intra-pulmonary bronchus ([Fig. 4m and 4n](#fig_004){ref-type="fig"}). No microvillous epithelial cells were present in intra-pulmonary bronchus. No exocrine gland was accompanied in the caudal part from extra-pulmonary bronchus.

Bronchiolar epithelium
----------------------

Lysozyme and sPLA2 were not detected in the cytoplasm of NC, ciliated epithelial cells and Clara cells in the bronchiole ([Fig. 5a and 5b](#fig_005){ref-type="fig"}Fig. 5.No immunopositivities for lysozyme and sPLA2 are detected in cytoplasm of NC (arrows in a and b), ciliated epithelial cells (large arrowheads in a and b) and Clara cells (small arrowheads in a and b) in bronchiolar epithelium. Bar=10 *µ*m.).

Alveolar epithelium
-------------------

Strong immunopositivities for lysozyme were frequently detected in the cytoplasm of granular alveolar cells and alveolar macrophages ([Fig. 6a and 6b](#fig_006){ref-type="fig"}Fig. 6.The localization of lysozyme and sPLA2 in alveoli. Lysozyme is immunopositive in granular alveolar cell (arrow in a), squamous alveolar cell (arrowhead in a) and alveolar macrophage (arrow in b). sPLA2 is immunonegative in granular alveolar cell (arrow in c), squamous alveolar cell (arrowhead in c) and alveolar macrophage (arrow in d). Bar=10 *µ*m.). Immunopositive reactions for lysozyme were also detected in squamous alveolar cells ([Fig. 6a](#fig_006){ref-type="fig"}). However, the strict localization of immunopositive reaction products in the cytoplasm or on the cell membranes could not be determined because of the extremely thin cytoplasm. No immunopositivities for sPLA2 were detected in granular and squamous alveolar cells and alveolar macrophages ([Fig. 6c and 6d](#fig_006){ref-type="fig"}).

Mucus layer and periciliary layer on epithelial cells
-----------------------------------------------------

From specimens with Carnoy's fluid fixation, the mucus layer was clearly identified as a positive line by PAS-reaction ([Fig. 7a--d](#fig_007){ref-type="fig"}Fig. 7.The localization of lysozyme and sPLA2 in the mucus layer and the periciliary layer of Carnoy's fluid-fixed tissue. PAS-positive mucus layer (arrows) are visible on the periciliary layer of nasal (a), laryngeal (b), tracheal (c) and extra-pulmonary bronchial (d) epithelia. Lysozyme and sPLA2 are detected in the mucus layer (arrows) and periciliary layer (between arrowheads) in nasal (e and i), laryngeal (f and j), tracheal (g and k) and extra-pulmonary bronchial (h and l) epithelia. Bar=10 *µ*m.). The mucus layer was immunopositive for both lysozyme and sPLA2 from the nasal to extra-pulmonary bronchial epithelium ([Fig. 7e--l](#fig_007){ref-type="fig"}). The anatomical situation of the mucus layer corresponded with the level of the tips of cilia in specimens with PFA fixation. In the periciliary layer, which anatomically corresponded with the level of the cilia except for the tips, lysozyme and sPLA2 were immunopositive on the cilia of a part of ciliated epithelial cell population from the nasal to extra-pulmonary bronchial epithelium ([Fig. 7e--l](#fig_007){ref-type="fig"}).

Negative controls
-----------------

In negative controls using normal goat IgG instead of the primary antibodies, no immunopositive reaction was detected in PFA-fixed specimens from 4 animals, whereas immunopositive reactions were weakly or moderately detected only in cilia of few ciliated epithelial cells in the specimen from 1 animal. In all specimens with Carnoy's fluid fixation, weakly immunopositive reactions were detected only in cytoplasm of ciliated epithelial cells. No immunopositive reactions were detected in the negative control specimens with either fixation using TPBS instead of primary antibodies. The individual immunopositivities described in the results were estimated by subtracting the immunopositivities in the negative controls.

DISCUSSION {#s3}
==========

Lysozyme and sPLA2 have bactericidal effects against both Gram-positive and -negative bacteria \[[@r10], [@r28], [@r36]\]. Lysozyme is contained in the lavage fluids from the cranial and caudal airways \[[@r1], [@r8], [@r30]\]. sPLA2 is also contained in the lavage fluid from the cranial airway \[[@r2]\]. In this study, secretory cells of lysozyme and sPLA2 were mainly located in the nasal epithelium, the nasal glands, the laryngeal glands, the tracheal glands and the extra-pulmonary bronchial epithelium. In alveoli, secretory cells of lysozyme, but not sPLA2, were located in the epithelium. In comparison with specimens with Carnoy's fluid fixation and specimens with PFA fixation, the anatomical situation of the mucus layer corresponds with the level of the tips of cilia. The periciliary layer corresponds with the level of the cilia except for the tips. From specimens with both fixations, lysozyme and sPLA2 were detected in both the mucus and periciliary layers from the nose to the extra-pulmonary bronchus (summarized in [Fig. 8](#fig_008){ref-type="fig"}Fig. 8.A schema of the distribution of secretory cells of lysozyme and sPLA2 in rat respiratory tract under healthy conditions. Cells with red granules represent secretory cells of both lysozyme and sPLA2. Cells with green granules represent lysozyme-immunopositive granules in a granular alveolar cell and an alveolar macrophage. Pink cells represent lysozyme- and sPLA2-positive NC which were rarely located in epithelium. Red band and red-striped band represent lysozyme and sPLA2 double-immunopositive mucus layer and periciliary layer on the epithelium, respectively.). These findings suggest that the secretory cells and their secretory products, lysozyme and sPLA2, form the line of first defense against inhaled bacteria throughout almost all portions of the respiratory tract under healthy conditions.

Laboratory animals usually live in contact with their feces in a rearing environment. Especially, rats eat their feces \[[@r33]\], which contain various Gram-positive and -negative bacteria \[[@r4]\]. Therefore, it is speculated that dust containing both Gram-positive and -negative bacteria derived from dried feces, and that the bacteria are deposited on the mucus layer especially in the cranial portion of the respiratory tract. Moreover, the nose is considered to be the settlement site of bacteria in rat \[[@r27]\], dog \[[@r7]\], pig, bovine, chicken \[[@r26]\] and human \[[@r14], [@r22]\]. In this study, secretory cells immunopositive for lysozyme and sPLA2 were slightly richer in nasal mucosa than in the airway caudal from larynx, although a large number of the secretory cells, such as goblet cells and acinar cells of the nasal glands, were immunonegative for lysozyme and sPLA2 in the nasal mucosa. On the basis of these findings, relatively rich secretory cells of lysozyme and sPLA2 were assigned to the nasal mucosa against both incessant inhaled bacteria and settled bacteria in comparison with other respiratory mucosa under healthy conditions. Considering that indigenous bacteria in the nose possess beneficial effect on the host, such as bacterial interference against pathogenic bacteria \[[@r20], [@r22]\], the presence of secretory cells immunonegative for lysozyme and sPLA2 might indicate that indigenous bacteria are somewhat allowed to settle on the nasal mucosa. In contrast to the nasal mucosa, comparatively fewer secretory cells of lysozyme and sPLA2 in the airway caudal from the larynx are probably sufficient for host defense against bacteria under healthy conditions, because culturable bacteria are not always detected in the caudal airway of rat \[[@r27]\].

The lysozyme concentration in the nasal lavage fluid rises under rhinovirus infection \[[@r18]\]. In patients with chronic bronchitis, the concentrations of lysozyme and lactoferrin in broncho-alveolar lavage fluids are higher than in healthy human \[[@r32]\]. The concentration of lysozyme in exhaled breath condensate is higher in patients with asthma than in healthy human \[[@r3]\]. Thus, the secretion of bactericidal substances is increased in various respiratory infections and diseases. In this study, secretory cells with no immunopositivity for lysozyme and sPLA2 were located in the epithelium from the nose to the alveolus and in the exocrine glands from nose to trachea under healthy conditions. This finding indicates that all respiratory mucosae possess the additional ability to secrete more bactericidal substances, so that the secretory defense system might be able to respond immediately to the respiratory infections or diseases.

Except for lysozyme and sPLA2, immunoglobulins, complements, lactoferrin, defensins and cathelicidins are contained in nasal \[[@r5], [@r8]\] and broncho-alveolar lavage fluid \[[@r1], [@r6]\]. Moreover, surfactant proteins are contained in bronchi-alveolar lavage fluids \[[@r6], [@r35]\]. These secretory substances are assumed to contribute to the host defense against bacterial infection in the respiratory tract. However, the overall structures of the secretory defense systems have not been clarified yet. Therefore, further investigations into secretory defense systems in the respiratory organs are needed in order to understand the total host defense system in those organs.
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